Cancer cells communicate with the environment through delivery of surface proteins, release of soluble factors (growth factors and cytokines), and sophisticated nanovehicles (exosomes) for establishment of invasive tumor growth. This communication occurs in part through constitutive exocytosis, regulated exocytosis, or release of intraluminal vesicles, and is modulated by small Rab GTPases, the master regulators of vesicle traffic. We studied Rab GTPases implicated in regulated exocytosis and showed a unique role for Rab27B in invasive tumor growth. Emerging evidence indicates that various exocytic routes are implemented by cancer cells to relay crucial information for fostering growth, migration, and matrix degradation. Cancer Res; 70(23); 1-5. Ó2010 AACR.
Background
Invasion, one of the hallmarks of malignancy, occurs within an ecosystem in which a continuous communication exists between cancer cells and a wide network of tumor-associated host cells. Secretory products from both the cancer cells and the host cells are part of a signaling network that initiates invasive tumor growth (1) .
Vesicle transport is the basic communication mechanism between different membraneous compartments within a cell as well as with the extracellular environment, and consists of two membrane-trafficking networks: endocytosis and exocytosis. Rab GTPases master vesicle trafficking and are implicated in endocytosis and in constitutive and regulated exocytosis. Rab protein function is regulated at multiple levels. Geranylgeranylation, the addition of a C-20 lipid tail at the C terminus, allows for interaction with vesicle membranes. Rabs are activated by a switch in guanine nucleotide binding. Upon activation by GDP/GTP exchange Rab proteins recruit specific downstream effectors to exert different steps in the vesicle pathway (2) .
Derailed endocytosis of growth factor receptors and unbalanced recycling of integrin-and cadherin-based adhesion complexes during malignant transformation have been well described (reviewed in ref. 3 ). Constitutive exocytosis is involved in the subcellular redistribution of membrane type (MT)1-matrix metalloprotease (MMP), which is crucial for its role in cancer cell invasion (4) . Polarized trafficking of MT1-MMP to invasive structures by means of Rab8-containing vesicles was shown using live-imaging and marker-tracing experiments (Fig. 1) . In 2002, Palmer and colleagues showed that ectopic expression of BAIAP3, a Munc 13-like effector protein of regulated exocytosis, enhanced growth in low serum concentrations and colony formation in soft agar, implicating the regulated exocytic pathway in cancer cell proliferation (5). However, both the biological role and expression status of the Rab proteins involved in the regulated exocytic pathway, the so-called secretory Rabs, were not investigated in invasive tumor growth.
The secretory Rabs include the Rab3 homologs, the Rab27 subfamily members, Rab26, and Rab37. In nonneuronal tissues, it is established that the main regulators of exocytosis are Rab3D, Rab27A, and Rab27B (6) . Fusion proteins, consisting of a secretory Rab of interest and green fluorescent protein (GFP), provide a powerful tool to study vesicular localization and dynamics in the regulated pathway of protein secretion in real time. Using well-characterized hormone-responsive noninvasive breast cancer cell lines, we overexpressed the wildtype form of distinct secretory Rab GTPases such as Rab27A, Rab27B, and Rab3D (7). To investigate whether the GTP/GDP cycle and Rab-membrane targeting status are associated with invasive growth and metastasis, we generated mutants defective in GTP hydrolysis, GTP binding, and geranylgeranylation. Previous studies indicated that selective mutations in Ras-like proteins interfering with the cycle of GTP binding and hydrolysis produce either inactive or constitutively active mutant proteins (8) . Similar mutations were introduced into Rab27B cDNA.
Tissue invasion requires infiltration into an extracellular matrix (ECM) consisting of cross-linked networks of collagen type I. The invasion model, used in our experiments, consists of native, acid-extracted collagen type I containing nonhelical telopeptides situated at the N-and C-terminal ends (9) . These telopeptides play an important role in intermolecular covalent cross-links necessary for a gel architecture, presenting itself as a structural barrier to cancer cell traffic (10) . Single cells are seeded on top of a reconstituted collagen gel layer, and 24 hours later, invasion is quantified by phase contrast microscopy, or 14 days later by histology of paraffin-embedded sections ( Fig. 1) . Fluorescence laser scanning confocal images showing the cytoskeletal structure of superficial versus invasive cells combined with Image J analysis allow calculation of the factor shape (also known as inverse roundness: perimeter 2 /4parea), a measure for cell spreading (9) . Proteomics provides a robust, sensitive, and high-resolution approach for identification of factors differentially secreted in the conditioned medium of breast cancer cells. In addition, the technique has successfully mapped the proteome of the exocytic machinery in rat liver and human natural killer cells (11, 12) . In both cases, a homogenization procedure followed by differential centrifugation in sucrose gradients was used to collect subcellular fractions enriched in secretory vesicles. We built upon this method for intracellular Rab27B-associated whole vesicle isolation from MCF-7 cell lines stably transfected with GFP-Rab27B. The efficient preparation of a pure Rab27B-positive vesicle fraction without contamination by nonvesicular components and non-Rab27B vesicles is a critical prerequisite for proteomic analysis. First, intracellular GFP-Rab27B-positive vesicles were isolated from cell lysates using a combination of differential centrifugation for removal of cells, cell debris, large vesicles, and vesicle aggregates. This step was followed by further enrichment of GFP-Rab27B-positive vesicles with an anti-GFP antibody immunomagnetic separation technique. We obtained a GFP-Rab27B vesicle fraction that was 97% pure, as evidenced via flow cytometry. The matched presence of factors in the conditioned medium of Rab27B-overexpressing cells and purified Rab27B-containing vesicles may be implicated in the observed functional effects.
Key Findings
Our quantitative real-time PCR study revealed a 10-fold increase in Rab27B mRNA expression in breast tumor tissue compared with normal tissue. Rab27B mRNA levels were significantly higher in estrogen receptor (ER)-positive primary breast cancer with positive nodal status. Rab3D and Rab27A mRNA levels did not differ significantly between normal and tumor tissue. Primary breast cancer specimens were analyzed by immunohistochemistry using a specific polyclonal Rab27B antibody. In ER-positive breast cancer, a significant correlation was found among high Rab27B expression, nodal status, and tumor grade. Therefore, Rab27B may serve as a marker in the signature of ER-positive breast cancers with poor prognosis (13) . In these tumors, Rab27B localized at the cell periphery, suggesting a secretory function. Microdissection of epithelial cancer nests from fresh-frozen primary breast cancer tissue was used to quantify the Rab27B protein levels relative to tubulin. These observations were indicative to engineer breast cancer cells (such as MCF-7, T47D) that overexpress Rab27B to similar expression levels and localization patterns found in invasive breast tumors. Simultaneously, we established MCF-7 cells with a similar expression of Rab27A protein. Rab27A and Rab27B exhibit 71% identity at the amino acid level with each other.
Breast cancer cells in which Rab27B was overexpressed formed cellular extensions and a spread morphology and had a significant increased ability to invade Matrigel and native type I collagen substrates. In addition, Rab27B enhanced proliferation under limiting serum concentrations, through increased G 1 -S-phase cell cycle transition. Importantly, all Rab27B-mediated functional responses were Rab27B specific, and dependent upon GTP binding and membrane anchorage.
In xenograft models, Rab27B promoted invasive tumor growth. This finding was evidenced by increased tumor volume, tumor weight, and Ki67 proliferation index, and by the massive infiltration of cancer cells into the abdominal skeletal muscles. Shedding of cancer cells from the primary tumor into the peritoneal cavity occurred. Anchorage-independent metastatic cells were present both as single cells and multicellular aggregates in the peritoneal cavity. Finally, 15 out of 40 mice bearing Rab27B xenografts succumbed to hemorrhagic ascites formation.
Proteomic analysis on the pure intracellular Rab27B vesicles and conditioned medium of stable MCF-7 GFP-Rab27B cells identified heat shock protein (HSP)90a. Extracellular HSP90a is a previously described proinvasive factor acting through the chaperoning of MMP-2 activation (14) . Western blot analysis and enzyme-linked immunosorbent assays (ELISA) confirmed increased exocytosis of HSP90a in cells overexpressing Rab27B. Using the different MCF-7 cell lines overexpressing distinct Rab27B mutants, we showed that increased HSP90a release required Rab27B activation and geranylgeranylation. Neutralizing HSP90a antibodies abolished Rab27B-induced collagen type I invasion and proliferation. Recombinant HSP90a protein stimulated these functional responses. Gelatin zymography showed Rab27B and HSP90a-dependent activation of MMP-2 ( Fig. 1) .
Implications
Eukaryotic cells secrete proteins from the biosynthetic pathway by constitutive or regulated exocytosis. Constitutive exocytosis occurs in all cells and functions to either secrete ECM components or to incorporate newly synthesized proteins into the plasma membrane. Regulated exocytosis is the process by which a physiologic stimulus leads to the fusion of storage vesicles with the plasma membrane and the subsequent release of secretory products into the extracellular space. Both exocytic events are mediated by an amalgam of proteins, including docking and fusion proteins such as the SNAP (soluble N-ethylmaleimide-sensitive fusion protein attachment protein) and SNARE (SNAP receptor) proteins, and regulated by the low molecular weight, small Rab GTPases and their specific effectors (15) .
The members of the Rab27 subfamily localize to different types of regulated exocytic granules, including dense core granules in platelets, azurophilic granules in neutrophils, lysosome-related granules in mast cells, zymogen granules in pancreatic acinar cells, and fusiform granules in urothelial umbrella cells. Studies on the role of the exocytic machinery in the mammary gland are scarce. Heregulin b1, a regulatory polypeptide that promotes the differentiation of mammary epithelial cells into secretory lobuloalveoli during pregnancy, stimulates the expression of secretory Rab3A, resulting in an accumulation of Rab3A-associated vesicles and making mammary epithelial cells competent for regulated exocytosis of milk proteins (16) . In the nonlactating mammary gland, antimicrobial peptides and proteins such as b-defensins, the cathelicidin LL37, lactoferrin, and adrenomedullin are released upon exocytosis (17) . We showed that breast cancer cells hijack Rab27B-mediated exocytic events to release proinvasive growth regulators. How is Rab27B mRNA and/or protein expression regulated in primary breast cancer? Fluorescence in situ hybridization on 10 samples with high Rab27B expression revealed no change in DNA copy number, suggesting that Rab27B expression in breast cancer is regulated at the transcriptional level (7). In megakaryocytes, Rab27B protein levels are determined by the transcription factor nuclear factor erythroid 2 (NF-E2; ref. 18 ). Lovis and colleagues reported Rab27A expression regulation by microRNAs (19) . Overexpression of miRNA124a decreases Rab27A expression, resulting in a reduction of glucoseinduced insulin secretion, essential in blood glucose homeostasis. In metastatic lung cancer, secretory Rab37 mRNA expression is reduced through promoter methylation (20) . Rab gene mutations have not been detected in cancer so far. However, loss-of-function mutations in the Rab27A gene cause the rare genetic disorder Griscelli syndrome type 2, which is characterized by pigment dilution in hair and skin and immunodeficiency (21) .
Rab27B-associated vesicles release HSP90a in the tumor environment. The existence of extracellular HSP90a has long been observed, but its secretion was considered to be unconventional because of the lack of an N-terminal classic-secretion signal peptide. However, regulated exocytosis has been linked to the release of leaderless secretory proteins, such as interleukin 1b (IL-1b) and fibroblast growth factors 1 and 2 (FGF-1 and FGF-2; refs. 22, 23) . Although more than 100 intracellular HSP90 client proteins have been identified, much less is known about extracellular HSP90 client proteins. We and others speculate that extracellular HSP90a activates a cassette of proteins that function collectively in invasive growth (24, 25) . These proteins would act in concert to enhance remodeling of the ECM and to promote growth factor-dependent receptor activation. In the extracellular space, HSP90a is detected both soluble and loosely attached to the membrane. Extracellular HSP90a facilitates the activation of proteases like MMP-2, MMP-9, and plasmin (14, 24, 26) . MMPs are secreted as proproteins and require cleavage of the prodomain for activation. Cell surface docking provides a mechanism to tether MMP activity to the regions of physical contact between the cell and ECM, just where ECM remodeling occurs. Constitutive Rab8 trafficking steers MT1-MMP to plasma membrane protrusions where it focally activates MMP-2 (4). One can speculate that extracellular HSP90a chaperones the complex of pro-MMP-2 with MT1-MMP to facilitate MMP-2 activation. To date, the limited pool of identified client proteins of extracellular HSP90a functions in cell motility, migration, and metastasis. It is of interest to speculate how extracellular HSP90a influences cell growth. HSP90a has been shown to stimulate growth in breast cancer cells, and in lymphoid cells through extracellular signalregulated kinase (ERK) signaling (7, 27, 28) . It is likely that HSP90a interacts with cell surface proteins, which, through transmembrane signaling, trigger intracellular events necessary for invasive growth (25) . Extracellular HSP90a interacts with the extracellular domain of HER-2, and this chaperoning is necessary for receptor activation and heterodimerization with ligand-activated HER-3 (25) . It also binds LRP1/CD91, a cell surface receptor for lipoproteins, proteases and their inhibitors, ECM components, and growth factors (29) .
An alternative secretory route originates in the endocytic pathway, involving the fusion of multivesicular endosomes (MVE) with the plasma membrane and extracellular release of nanometer-sized intraluminal vesicles (exosomes). Exosomes are considered ''vesicles shipping extracellular messages'' including miRNAs and proteins such as MHC class I and II, integrins, tetraspanins, and HSPs. Human breast milk contains exosomes with the capacity to influence immune responses (30) . Invasive breast cancer cells secrete HSP90a-containing exosomes (24) . Exosomes could be involved in intercellular communication between cancer cells and their environment and in the pathogenesis of infectious and degenerative diseases. A role for exosomes in preparing the niche for metastasizing cancer cells and chemoresistance has been suggested (31, 32) . Exosomes released from the cancer cells may activate the recruitment of host cells, both near and far from the primary tumor site, as well as promote the departure of cancer and host cells to distant tissues (33) . A substantial body of evidence shows that cisplatinum is sequestered into intracellular vesicles; some of them belong to the exocytic pathway and others to MVEs. Enhanced exosome release combined with higher exosomal levels of cisplatinum export transporters MRP2, ATP7A, and ATP7B was observed in cisplatinum-resistant ovarium cancer cells (31) . However, it has not been conclusively shown that in vivo exosome secretion has a role in any physiologic process, because of the inability to specifically inhibit or increase it. Only recently, Ostrowski and colleagues showed a role for the Rab27 subfamily members in exosome release in Hela cervical cancer cells (34) . The size of MVEs was strongly increased by Rab27A silencing, whereas MVEs were redistributed toward the perinuclear region upon Rab27B silencing. Also, a set of proteins encoded by genes that are not transcriptional targets of p53 were found to exit the cell via exosomes after p53 activation. A DNA damage-induced p53-regulated gene product, TSAP6, was shown to be responsible for enhanced exosome release in non-small cell lung cancer cells (35) .
In conclusion, regulated exocytosis is efficiently implemented by cancer cells to release proinvasive growth regulators. This exocytic event is mediated by an amalgam of proteins, including docking and fusion proteins, and low molecular weight, small Rab GTPases and their specific effectors. Unraveling this ex(o)citing machinery may yield novel prognostic and/or diagnostic markers and therapeutic targets, as well as diminish acquired chemoresistance by drug extrusion.
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